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A STUDY OF METAL-OXYGEN AND METAL-NITROGEN SYSTEMS 
FOR USE AS E D U C E D - P R E S S U E  STANDARDS 
ABSTRACT 
A series of metal-oxygen and metal-nitrogen binary systems were surveyed 
to determine t h e i r  po ten t ia l  as sources f o r  secondary reduced-pressure gas 
w e r e  studied independently. 
rium reduced pressure of the gas i n  a s t a t i c ,  closed system, otherwise evacuated 
of other  gases, over a metal-gas a l loy a t  each of a succession of temperature 
levels.  Those systems found t o  demonstrate a f i r s t -order  equation representing 
the  loglo of pressure versus reciprocal absolute temperature were studied 
ex t ens ive ly . 
dazds. The-respective gasee of i n t e r e s t  w e r e  nitrogen and oxygen, which 
The technique employed was t o  measure the equilib- 
Ten metal-oxygen systems and th i r t een  metal-nitrogen systems w e r e  sur- 
veyed. None of the metal-oxygen systems was found t o  be applicable,  whereas 
two metal-nitrogen systems demonstrated f e a s i b i l i t y .  
Zr-N systems. 
conducted. 
These were the Ea-N and 
S t a t i s t i c a l  analyses of the  f i t  of the  respective data  w e r e  
ii 
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SUMMARY 
A Sievert ' s  apparatus, spec ia l ly  designed t o  conduct the appropriate 
metal-gas s tud ies  for t h i s  program, w a s  employed t o  survey a series of selected 
metal-oxygen and metal-nitrogen systems. The objective w a s  t o  determine the 
poten t ia l  of these systems as secondary, reduced-pressure gas standards. A 
total  of ten metal-oxygen and th i r teen  metal-nitrogen systems were independently 
surveyed. Gas pressure as a function of temperature w a s  measured accurately,  
after su f f i c i en t  metal-gas equilibrium w a s  established. These da ta  w e r e  then 
s t a t i s t i c a l l y  analyzed f o r  a f i t  t o  the van ' t  Hoff equation, which is an ana- 
l y t i c a l  representation of the logarithm of dissociat ion pressure as a function 
of the reciprocal  of absolute temperature. 
ch can then. be t rea ted  as a s t r a i g h t  l i n e  p lo t .  
A f i r s t  order equation r e s u l t s  
None o€ the  metal-oxygen systems surveyed w a s  su f f i c i en t ly  consis tent  o r  
reproducible t o  be selected f o r  fur ther  study. 
the  extreme sluggishness i n  diffusion i n  the temperature range of study. 
none of the metal-oxygen systems selected was f e l t  t o  have su f f i c i en t ly  rapid 
k ine t ics  for  a p rac t i ca l  gas standard. On the  other  hand, two metal-nitrogen 
systems were studied which demonstrated poten t ia l  as secondary reduced-pressure 
gas standards. "hese wexe the Ba-N and Zr-N systems, which were studied exten- 
sively.  Dissociation pressure equations were obtained f o r  both systems. They 
were as follows: 
The pr inc ipa l  d i f f i c u l t y  was 
Thus, 
for the Ba-N system: 
5480 ' 70 + 6.70 f 0.09 T logLo p ( to r r )  = - 
and f o r  the Zr -N system; 
5830 ' 140 + 4.03 2 0.13. loglo p ( to r r )  = - T 
- The number of data points taken f o r  the Ba-N system w a s  39 and f o r  the 
Ba-N system, 37. The e r r o r  l i m i t s  a re  included for  the  slope and in te rcepts  
and are standard deviations. 
programs as computed on a Burroughs B5500 computer. 
The s t a t i s t i c a l  analyses w e r e  least squares 
* 
INTRODUCTION 
. , -  
(1) The study reported herein is an extension of an earlier program 
conducted by t h i s  author on the use of thermodynamic propert ies  of metal-gas 
systems as reduced pressure standards employing metal-hydrides. The feasi-  
b i l i t y  of the use of the thermodynamic approach t o  gas-pressure standardization 
with hydrogen gas w a s  proven with the  Er-H system. The objective of t h i s  study 
w a s  the  same, except t h a t  the gases of i n t e r e s t  were not  hydrogen, bu t  oxygen 
and nitrogen. 
The accurate measurement of reduced pressures of various gases i s  s t i l l  
very d i f f i c u l t  a t  b e s t  i n  the range below 
has not evolved a p rac t i ca l  gas standard against  which one can ca l ib ra t e  a 
measuring system. This is par t icu lar ly  so i n  the case of primary standards. 
The standards generally available are comparison standards t h a t  are indi rec t ly  
related t o  a primary source above 
ionization gauges are  the principa1,means t o  measure reduced pressures i n  the 
lower ranges. These are usually cal ibrated a t  a remote source, and then used 
i n  pract ice  with a ca l ibra t ion  curve. The mainten-ance of the conditions t h a t  
were present during ca l ibra t ion  a f t e r  the ionizat ion gauge is  i n  use i s  cer- 
t a in ly  a questionable assumption. Minor changes i n  gaseous environment and the 
electronics  of the ionizat ion gauge controls are  expected t o  e f f e c t  s ign i f i can t  
s h i f t s  i n  the ca l ibra t ion  curve. Alternatively,  the use of a thennodynamic 
system such as  a metal-hydride as an i n  s i t u  cal ibrat ion device is p rac t i ca l  
and would avoid the uncertaint ies  i n  the current ca l ibra t ion  techniques. This 
is one of the main ju s t i f i ca t ions  f o r  conducting t h i s  study. I f  one could 
develop a new and more foolproof secondary gas standard t h a t  has these features ,  
it would cer ta in ly  be a welcome contribution t o  high-vacuum technology. The 
application of thermodynamic properties of metal-gas systems has been demon- 
s t r a t e d  t o  provide a new and unique method of not  only standardization, but 
accurate simulation of reduced-pressure gas atmospheres. 
to r r .  This region of pressure 
t o r r  i n  pressure. Hot- o r  cold-filament 
BACKGROUND 
I n  the measurement of reduced pressures the gases t h a t  a re  considered the 
most v i t a l  t o  standardize are hydrogen, oxygen, and nitrogen. These are the 
common gases found between the atmosphere and hard space t h a t  NASA is  most 
concerned with and a l so  the  usual contaminants i n  ultra-high vacuum pract ice .  
Thus, it w a s  incumbent t o  study these gases f i r s t  i n  an attempt t o  prove the 
o€ metal-oxygen and metal-nitrogen systems followed almost exactly the same 
pa t te rn  as with the Er-H system as w e l l  as employing the  same equipment and 
techniques. 
. f e a s i b i l i t y  of thermodynamic standardization. The program f o r  the  development 
The concept of employing a metal-gas system as a secondary reduced pres- 
Obviously, pressure has 
A t  l e a s t  one other  var iable  which is  
sure standard must follow several  requirements. 
be-consis tent  with a simple analyt ical  re la t ionship.  
t o  be one var iable  i n  the relationship.  
The gas-phase pressure must 
2 
a function of pressure is a minimum requirement. Temperature is the most 
log ica l  choice, s ince  in tu i t i ve ly  one knows t h a t  the two variables  a r e  c losely 
coupled whether the system is  en t i r e ly  gas phase, o r  two s t a t e s  of matter a re  
involved, such as  the  combinations of liquid-gas o r  solid-gas phases. The 
relat ionship must be reproducible, predictable ,  and accurate. The re la t ionship  
can be established using a primary standard such as  a manometer or a McLeod 
gauge t o  measure the gas-phase pressure and a standardized thermocouple t o  
measure the temperature of the  system. One is then i n  a posi t ion t o  ca l ib ra t e  
other  pressure-measuring devices. 
temperature is the independent var iab le  and pressure is  the dependent var iable ,  
and when one is, i n  turn,  ca l ibra t ing  another pressure-measuring device, the 
reverse & . t r u e  with the variables.  
range is another desirable  requis i te .  
thermodynamic system, which leads one t o  the meta l l ic  system select ion.  
Thus, when det6rmining the  relat ionship,  
A convenient and p rac t i ca l  temperature 
This depends on se lec t ing  the r i g h t  
The simplest ana ly t ica l  re la t ionship f o r  the purpose of this program, a 
s t r a i g h t  l i n e ,  is avai lable  from the  van ' t  Hoff equation. This equation f i t s  
We necessary c r i t e r i a  i n  t h a t  i ts  variables are  pressure and temperature, and 
it conveniently is  a measure of the equilibrium dissociat ion pressure of a gas 
from a so l id  metal-gas alloy. The appropriate form of the  van ' t  Hoff equation 
is as follows: 
loglo P = - A + B  T 
where p is the reduced pressure i n  t o r r  and T is  the absolute temperature. A 
s t r a i g h t  l i n e  of loglo p versus the reciprocal of absolute temperature i s  thus 
produced. There are  cer ta in  l imitat ions under which t h i s  equation is  va l id  i n  
a metal-gas system. 
t o  have a wide two-phase f i e l d  present f o r  the van ' t  Hoff re la t ionship t o  be 
va l id  for  the intended standards application. 
f o r  this purpose because, on e i t h e r  heating o r  cooling the al loy,  gas is  
desorbed o r  absorbed without the composition of either of the two individual 
phases changing. This allows the van ' t  Hoff re la t ionship t o  be maintained 
throughout. Another way of expressing this important fac tor  is t h a t  within a 
two-phase region, pressure i s  constant. Minor overa l l  compositional s h i f t s  
in a metal-gas a l loy t h a t  a re  natural ly  associated w i t h  the absorption o r  
desorption as temperature f a l l s  o r  r i s e s  do not cause deviations from the van ' t  
Hoff re la t ionship t h a t  is charac te r i s t ic  f o r  the respective two-phase region. 
A spec i f ic  exam l e  of these e f f ec t s  was demonstrated i n  the study of the erbium- 
hydro en systemy1) as  a secondary reduced-pressure standard. An e a r l i e r  pro- 
gram(') evolved the thermodynamic properties of the system. The following 
equilibrium-dissociation-pressure equation was obtained: 
The phase equ i l ib r i a  of the s o l i d  system must be such as 
The two-phase region is  unique 
11'490 ' l8 + 10.668 k 0.019 loglo p ( t o r r )  = - T 
The standard deviations t o  both the slope and the , in t e rcep t  of the s t r a i g h t  
line are  given from the l e a s t  squares analysis.  
t i ons  of the slope and in te rcept  demonstrate the success of the  use of a 
The minimal standard devia- 
3 
metal-gas system f o r  a secondary reduced-pressure standard. 
of determination for the da ta  presented w a s  computed t o  be 0.999. 
The coef f ic ien t  
A thermodynamic treatment of the da ta  w i l l  give the enthalpy and entropy 
of the  reaction occurring i n  the plateau region. 
hydrogen system are  AH = -52.6 + 0.3 kcal/mole of H ~ A S  = -35.2 + 0.3 cal/deg. 
mole of H2. 
These values f o r  the erbium- 
EXPERIMENTAL 
Materials. - The m e t a l s  employed i n  this study were obtained from commercial 
sources i n  the form of so l id  ingot, w i r e ,  powder, o r  sponge. The metals and 
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Specimen preparation. - Although i n  some cases s o l i d  pieces of metal were used, 
the ult imate form i n  a l l  cases was powder. This allowed more surface t o  be 
exposed so t h a t  diffusion w a s  accelerated as much as possible.  Equilibrium 
kine t ics  were considerably speeded by t h i s  approach. 
from -10 mesh f o r  barium t o  -325 mesh f o r  some of the  o ther  metals. However, 
the  nominal s i z e  most used was -200 mesh. The powders t h a t  w e r e  prepared from 
ingot,  w i r e ,  o r  sponge were done so  by e i t h e r  crushing i f  the metal w a s  b r i t t l e ,  
such as i n  the case of s i l i con ,  germanium, and boron, o r  by f i l i n g .  The com- 
minution was always done i n  a glove box provided w i t h  an i n e r t  atmosphere t o  
prevent contamination. Pr ior  t o  loading, the sample w a s  weighed on an analyti-  
cal balance t o  the nearest  0.1 mg. To prevent contact with the quartz react ion 
chamber, the sample w a s  placed i n  a 1-mil-tungsten-foil capsule. 
p rac t ica l ly  no reaction a t  the temperatures employed i n  t h i s  study with tung- 
s t e n .  
accorded. 
bottom of the closed-end section. 
The powder s i z e  varied 
There is  
There would be a reaction with the quartz i f  t h i s  protection w e r e  no t  
The capsule and specimen were then placed i n  the  quartz tube a t  the 
S iever t ' s  apparatus. - The modified S iever t ' s  apparatus t h a t  was employed t o  
obtain the pressure-temperature da ta  f o r  the metal-oxygen and metal-nitrogen 
systems w a s  constructed f o r  the  earlier study on the  Er-H system. The pr inci-  
p a l  components of the  apparatus consis t  of a heated react ion chamber, a 
mahometer, a McLeod gauge, a precision gas buret ,  and'a vacuum source. Figure 
1 is a schematic drawing of the  modified S iever t ' s  apparatus. The design w a s  
very careful ly  considered t o  allow the utmost i n  temperature and pressure 
accuracy. Much a t ten t ion  w a s  given t o  maintaining cleanl iness  and t o  the  
4 
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Figure 1. Schematic Drawing of the 




measurement of temperature and pressure. Since the basis f o r  t h i s  study w a s  
t o  develop a new approach to  reduced-pressure secondary standards, t he  varia- 
bles i n  the process had to  be accurately establ ished.  
The temperature-control system f o r  the furnace w a s  se lec ted  after a study 
The u n i t  f e l t  t o  be o.f the avai lable  systems from the various manufacturers. 
t h e  b e s t  fo r  t h i s  appl icat ion w a s  a Set-Point Control System. It provided 
precis ion temperature control  w i t h  range f l e x i b i l i t y  and fast response. 
an adjustable zero suppression and exce l len t  reproducibi l i ty  of control  and 
control-point se t t ing .  The system consisted of 1) ‘a Set  Point Unit, 2) a DC 
null detector ,  3) a current-adjusting-type control  un i t ,  and 4) a f inal-control  
device. 
mi l l ivo l t s .  Each s e t t i n g  w a s  reproducible t o  0.05%. Reference-junction 
compensation was automatic f o r  chromel-alumel thermocouples which w e r e  t o  be 
employed. The s igna l  from the  thermocouple w a s  bucked against  the potentiom- 
eter,  and the deviation, plus  or  minus, w a s  fed t o  the  DC n u l l  detector .  The 
s e n s i t i v i t y  was continuously adjustable t o  a maximum of 1.0 microvolt per scale 
divis ion.  
centigrade, this u n i t  detected deviations as small as 1/40 degree centigrade. 
The s igna l  from the DC n u l l  detector  was fed t o  the  current-adjusting-type 
control  uni t .  Its output w a s  fed t o  the f i n a l  control device. This component 
consisted of a s i l icon-control led rectifier.  The degree of furnace control  to  
be expected was 20.1 degree centigrade. The chromel-alumel control  thermo- 
couple was ca l ibra ted  and traceable to  Bureau of Standards ca l ibra t ion  a t  5OoC 
i n t e rva l s  between 550 and 900OC. I n  addition t o  t h i s  control  thermocouple, 
another independently ca l ibra ted  thermocouple w a s  employed to  measure the  exact  
temperature of the specimen with a Precision Potentiometer. A mock run was 
i n i t i a t e d  a t  midrange of the  temperature t o  be employed i n  the  study. 
t o  the null-point detector  reading and i ts  specif ied s e n s i t i v i t y ,  t he  degree of 
control  was 50. 01°C. However, another potentiometer w a s  used with the  indepen- 
dent  thermocouple designed t o  represent t he  specimen temperature which i s  
l i m i t e d  t o  kO.25OC. 
It  had 
The S e t  Po in t  Unit was a DC potentiometer i n  the  range of 0 t o  55 
Since the  response of chromel-alumel w a s  40 microvolts per degree 
According 
-3 The pressure measurements w e r e  made i n  the range of 1 x 10 t o  10 t o r r  
with a McLeod gauge, Model N o .  GM-100A. THe GM-100A covered the  1 x t o  10 
t o r r  range on three scales. On the 0 - 10 t o r r  scale the measuring e r ro r s  w e r e  
no la rger  than fl.1% of indicated pressure,  on the  0 - 1 t o r r  scale, +1.2% of 
indicated pressure,  and on the quadratic sca le ,  51.5% of indicated pressure.  
For added precaution, a fo re l ine  trap was incorporated t o  prevent o i l  
backstreaming. The mercury d i f fus ion  pump w a s  a three-stage pump capable of 
an ult imate vacuum of 5 x t o r r .  The addition of the cold traps reduced 
this considerably. 
l o w  oil-vapor pressure i n  t h i s  region of the system. 
Convoil 20 w a s  used i n  the forepump as added insurance for 
of 
i s  
6 
The nitrogen employed f o r  these s tud ies  was prepurif ied grade a t  99.997% 
pur i ty ,  and t h e  oxygen w a s  extra-dry grade a t  99.6% pur i ty .  The gas bure t  
normally operated with a i r  on the  other  s ide  of the  system as is the McLeod 
, 
gauge. Instead, pur i f ied  argon was used t o  operate both of these devices. 
This eliminated any poss ib i l i t y  of a i r  o r  dust  ge t t ing  i n t o  the mercury and 
diffusing through t o  the  S iever t ' s  system. 
The quartz react ion chamber consisted of a closed-end tube about 9 mm. i n  
diameter. It was inser ted i n  a hole through a Lavite plug and i n t o  an Inconel 
hea t  sink. In  turn  these were both contained within the  1-in. diameter ha le  i n  
a tube furnace. The Inconel heat  sink w a s  employed t o  even out thermal gradi- 
en t s  and t o  eliminate temperature cycling from the control  system. 
an extremely even temperature control. A chromel-alumel thermocouple f i t  i n t o  
The Lavite plugs 
a t  e i t h e r  end of the furnace sewed as insu la tors  t o  keep the  longi tudinal  heat  
loss down, 
quartz reaction chamber which w a s  intended t o  accommodate the thermocouple. 
Immediately inside the quartz chamber, the specimen w a s  placed. 
of the  specimen w a s  very accurately read with t h i s  arrangement. 
This assured 
d of the furnace through another Lavite plug. 
The thermocouple t i p  w a s  placed against  the closed end of the 
The temperature 
The Nichrome-wound tube furnace was provided with a means of s l i d i n g  the 
furnace back and for th .  The quartz tube, being s ta t ionary,  would e i t h e r  be i n  
or out  of the  furnace as the  furnace was moved from one posi t ion t o  the  other.  
This feature  f a c i l i t a t e d  loading and unloading specimens i n  the quartz  react ion 
chamber. The furnace mounting un i t  consisted of a heavy-duty framework with 
two r o l l e r  systems and a t rack on which the  furnace w a s  bolted. The t r ave l  of 
t he  furnace w a s  r e s t r i c t ed  by m e t a l  s tops a t  e i t h e r  end so  t h a t  the  furnace 
could be brought back t o  the same posit ion.  
Equilibration procedure. - A s  standard procedure the Sievert ' s  apparatus w a s  
in termit tant ly  leak-checked with a helium leak detector  and always found t o  be 
helium-leak t i gh t .  
ated t o  i ts  ult imate vacuum and the tube furnace heated t o  the required 
temperature, but  not: y e t  moved onto the react ion chamber. Thus, the  specimen 
w a s  a t  room temperature a t  t h i s  stage. 
i n  the low t o r r  region. The reaction tube was independently baked by 
moving the tube furnace onto the quartz tube f o r  about 30 sec. a t  973OK. 
specimen did not have an opportunity t o  hea t  f o r  t h i s  period of t i m e ,  so  it 
could not be contaminated by the  out-gassing from the tube, a l b e i t  s m a l l .  The 
system was then a l te rna te ly  purged with high-purity gas and evacuated t o  c lear  
t he  system of any minor remaining contaminating gases. The gas absorption w a s  
i n i t i a t e d  a t  t h i s  stage. From the weight of the specimen, the  amount of gas 
required t o  bring the appropriate composition w a s  calculated. 
gas was then admitted i n t o  the  precision gas buret ,  and i ts  volume and pressure 
w e r e  measured t o  determine the quantity. 
amounts of gas, the cor rec t  quantity t o  br ing the metal t o  composition w a s  
obtained. 
containing the  specimen. 
min. while the specimen was coming t o  temperature. 
source w a s  then closed and the gas i n  the bure t  admitted. 
of the system involved i n  the equ i l ib r i a  measurements from t h i s  point  on were 
the manometer, the McLeod gauge, the  quartz react ion tube and interconnecting 
tubing. The temperature-pressure equ i l ib r i a  study w a s  i n i t i a t e d  a t  t h i s  stage. 
The equilibrium Point  w a s  taken and the temperature adjusted t o  the  next leve l ,  
Pr ior  t o  the run i t s e l f ,  the S iever t ' s  apparatus w a s  evacu- 
The system nominally pumped t o  a vacuum 
The 
An amount of 
By admitting o r  removing s m a l l  
A t  t h i s  point,  the  furnace w a s  moved onto the  quartz react ion tube 
Evacuation'of the  system w a s  continued f o r  about 5 
The stopcock t o  the  vacuum 
The only components 
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usually about an increment of 50°K above. 
temperature, the  pressure measured, and the  next level was set .  This procedure 
w a s  continued up t o  the  upper temperature l i m i t ,  and then the cycle reversed 
downward i n  similar temperature increments t o  the lower temperature l i m i t .  
Before the  run w a s  completed, several  thermal cycles between these limits w e r e  
conducted t o  obtain the  temperature-pressure equ i l ib r i a  data .  
indicat ion of hys te res i s  observed i n  t h e  data obtained i n  the  downward tempera- 
t u r e  cycles as compared w i t h  the upward cycles f o r  the  two nitrogen systems that 
w e r e  f i n a l l y  selected f o r  study, the Ba-N and Zr-N,systems. 
showed some hys te res i s  effect. 
the specimen w a s  remaved and replaced with another. However, t h i s  w a s  only a 
precautionary measure t o  be assured that excessively long periods of t i m e  a t  
temperature did not contaminate the  specimen. Several runs w e r e  carried out  
f o r  as long as  two weeks without any problems. Each run w a s  cycled up and down 
severa l  t i m e s .  Again, the  equ i l ib r i a  d id  not  s h i f t  as a r e su l t .  
Equilibrium w a s  allowed a t  t h i s  
There w a s  no 
The Ba-0 system 
An average run was 'conducted for a week before 
RESULTS AND DISCUSSION 
I n  the  f i r s t  phase of t h i s  study, t he  metal-oxygen systems w e r e  surveyed 
i n  an attempt t o  s e l e c t  M optimum s ing le  system on which t o  conduct a more 
intense study. The following systems w e r e  b r i e f l y  analyzed t o  determine 
1) whether the  k ine t i c s  were su f f i c i en t ly  rapid, 2)  whether the da ta  w e r e  
reproducible, and 3) whether the pressure and temperature ranges were p rac t i -  
cal. Also included are  the  temperature ranges s tudied and the  norninal compo- 
s i t i o n s  and re la ted  two-phase f i e l d s  which w e r e  selected from the  avai lable  
phase diagram information. 
Oxygen , 
Temperature Nominal Two-Phase 































(CU + CUO) 
(Fe + Wustite) 
(W02 + WO3) 
Complex 
(B60 + B203) 
(Ba + BaO) 
(Ag + Ago) 
(yb + Yb203) 
(Pd + PdO)  
( G e  + G e 0 2 )  
The survey of these ten  systems demonstrated t h a t  oxygen would be a dif-  
f i c u l t  gas t o  use as  a standard by the  thermodynamic'technique. 
problem was the extremely slow d i f fus ion  rate even with powder metal samples. 
Absorption would take place i n  many instances,  bu t  it w a s  the uptake of the 
The major 
8 
remaining 5 o r  10% of gas t h a t  became exceedingly more d i f f i c u l t .  Saturat ion 
to the intended composition became slower the closer  the approach t o  equilib- 
rium. 
ac t iva t ion  energy f o r  diffusion was not high enough t o  provide reasonable 
energetics. 
ion ic  s i z e  of oxygen i n  the latt ice.  
for those systems t h a t  d id  absorb oxygen were impractical  f o r  the  intended 
use. The Ba-0 system appeared t o  come nearest  t o  p r a c t i c a l i t y  of a l l  the 
systems studied. Tbe absorption of oxygen occurred reasonably f a s t .  The 
pressure s e n s i t i v i t y  as a function of temperature appeared t o  be good. 
the 150°K range from 673 t o  823OK studied., the.pressure varied from 0.013 t o  
0.380 to r r .  There was some hysteresis  on reversal  of the temperature cycle. 
Reproducibility between d i f f e ren t  samples w a s  not too good. However, should 
s u f f i c i e n t  t i m e  be allowed f o r  more study, these d i f f i c u l t i e s  might dimnnish. 
A rough estimate of the required t i m e s  t o  each equilibrium point  would involve 
tens  of days, which, i n  the  i n t e r e s t  of completing the  study of t he  nitrogen 
systems, could not be tolerated.  
The concentration gradient a t  t h i s  s tage w a s  very s m a l l ,  so the 
The slow rate of diffusion is understandable because o f  the la rge  , 
Thus, the t i m e s  t o  a t t a i n  equilibrium 
I n  
The second phase of study w a s  then undertaken. The metal-nitrogen 
systems w e r e  surveyed i n  the  same manner as the  metal-oxygen systems. 
following metal-nitrogen systems, the temperature range of study, t h e i r  nominal 
compositions, and the related two-phase regions a re  indicated below: 
The 
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(Ba  + Ba2N) 
(B + BN) 
(Cr  + C r N )  
( S i  + S i N )  
(CU + CUN) 
(V + VN) 
(Mo + MoN) 
( G e  + GeN)  
(Sn + SnN) 
Unknown 
Unknown 
( T i  + T i 3 N )  
[ Z r  + Z r N )  
The survey of these systems resul ted i n  two systems being selected for 
fu r the r  investigation. 
po ten t ia l  i n  the  survey as  secondary reduced-pressure standards. A t h i r d  
system, the  T i - N  system, a l so  showed poten t ia l ,  bu t  fu r the r  s tud ies  indicated 
t h a t  the pressure-temperature da ta  i n  the higher temperature region deviated 
f r o m  a van ' t  Hoff s t r a i g h t  l i n e  ra ther  d i s t i n c t l y .  
These were the Ba-N and Zr-N systems. Both demonstrated 
On examining the phase 
9 
diagram, it w a s  found t h a t  the metal s o l i d  solut ion s o l u b i l i t y  boundary i n  t h i s  , 
region changed d ras t i ca l ly ,  t o  which the aberration w a s  a t t r ibuted.  Therefore, 
this system was abandoned. 
The k ine t ics  of approach t o  equilibrium w e r e  noticeably improved i n  the  
metal-nitrogen systems compared t o  the metal-oxygen systems. 
can be rat ional ized on the bas i s  of the ion ic  s i z e  of nitrogen, which is be- 
tween t h a t  of oxygen and hydrogen. 
This phenomenon 
The Ba-N system was analyzed by obtaining a t o t a l  of 38 equilibrium values 
of pressure and temperature. 
t u r e  was cycled up and down e ight  times over the range of temperature from 
610 t o  825OK. Vexy l i t t l e ,  i f  any, hysteresis  w a s  noted. The specimen was 
n i t r ided  t o  20 atomic percent p r io r  t o  the  thermal cycling, which i s  i n  the 
two-phase region, Ba + Ba2N. Nothing e l s e  is  known about the phase diagram 
other  than it has one intermediate phase of Ba2N. 
rium was about 24 hours f o r  each pressure-temperature couple. 
The da ta  are  pres-ented i n  Table I. The tempera- 
The average time t o  equilib- 
A s t a t i s t i c a l  treatment of these da ta  w a s  carr ied 
the van ' t  Hoff relationship.  This w a s  accomplished on 
5500. The following equilibrium dissociat ion pressure 
with standard deviations on the slope and in te rcept  as 
out  t o  f i t  the  values t o  
a Burroughs Datatron B 
equation w a s  obtained 
follows : 
5480 f 70 
T f 6.70 -i- 0.09 loglo p ( to r r )  = - 
where p = equilibrium nitrogen pressure, t o r r  
21 = absolute temperature, Kelvin 
Figure 2 is  a p l o t  of the da ta  of loglo pressure versus reciprocal of  absolute 
temperature. The standard deviations are considered t o  be qui te  good, since a 
r e l a t ive ly  small number of points are  included compared t o  those taken f o r  the 
Er-H system. The standard e r ro r  of estimate w a s  0.055. The Ba-N system 
studies  are €el t  t o  prove t h a t  the thermodynamic approach is va l id  i n  the appli- 
cation of the system as a secondary reduced-pressure nitrogen standard. 
The enthalpy of reaction of BaN from B a  was determined from the slope of 
the Van't Hoff equation as described i n  the Background section, 
tained was AH = -25.1 5 0.3 kcal/mole of N2. 
calculated from the in te rcept  w a s  AS = -17.5 f 0.4 cal/deg. mole of N 
The value ob- 
The entropy of reaction as 
2' 
The Zr-N system was analyzed by obtaining a t o t a l  of 37 equilibrium values 
of pressure and temperature. Table I1 contains the data. The temperature w a s  
cycled up and down s i x  t i m e s  over the range of temperature from 873 t o  1273'K. 
NO obvious hysteresis  e f f ec t s  w e r e  noted i n  the thermal cycling. 
time t o  a t ta in  equilibrium was approximately 24 hours. 
ded t o  35 atomic percent p r i o r  t o  the thermal cycling. 
composition i n  the two-phase region, Z r  + Z r N .  
i n  H a n ~ e n ( ~ )  and is  presented i n  Figure 3. 
10 
The average 
The specimen was n i t r i -  
This places the specimen 
The phase diagram is referenced 
c 
TABLE I 
Equilibrium Pressure-Temperature Data 

















































































Figure 2. P l o t  of Equilibrium Dissociation Pressure 
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TABLE I1 
Equilibrium Pressure-Temperature Data 
for the Zirconium-Nitrogen System 
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The da ta  were t rea ted  s t a t i s t i c a l l y  t o  a van ' t  H o f f  p lo t ,  which is  a 
s t r a i g h t  Line representation of loglo pressure versus the  reciprocal  of abso- 
Lute temperature. 
B 5500. 
analysis  was as follows: 
Again the analysis was accomplished on a Burroughs Datatron 
The equilibrium dissociat ion pressure equation obtained from t h i s  
5830 ' + 4.03 k '0.13 
T 
logLo p ( to r r )  = - 
where p = equilibrium nitrogen pressure, t o r r  
T = absolute temperature, Kelvin 
The standard deviations a re  included f o r  the  slope and intercept .  
Zr-N system. 
The standard 
. e r ro r  of estimate was 0.085. Figure 4 is  a p l o t  of the  equilibrium data i n  the 
The enthalpy of react ion of Z r N  from the zirconium m e t a l  so l id  solut ion 
w a s  determined from the slope t o  be AH = -26.7 k 0.6 kcal/mole of N2. 
entropy of react ion w a s  calculated from the  in te rcept  t o  be AS = -5.26 k 0.60 
cal/deg. mole of N2. 
Although the metal-oxygen systems s tudied did not demonstrate standards 
poten t ia l ,  t h i s  does not s ign i fy  there is  no system which w i l l  qual i fy .  I t  is 
recommended t h a t  the search should continue t o  f ind  such a metal-oxygen system. 
The metal-nitrogen systems studied provided two examples t h a t  f i t  the  cr i ter ia  
f o r  secondary reduced-pressure standards. The advantages of the  Ba-N and Zr-N 







Once the dissociat ion pressure equation is established and standardized, 
one can calculate the corresponding temperature s e t t i n g  f o r  any desired 
pressure. Then, by adjusting the temperature t o  the  appropriate value, 
the  pressure is attained. 
There i s  no apparent hysteresis  i n  the nitrogen pressure. 
cycled several  times, and the pressure returned t o  the value as prescribed 
by t h a t  spec i f i c  temperature. 
The system w a s  
In  the appropriate temperature range, pressure equilibrium is  reasonably 
rapid. 
The equilibrium pressure f o r  each respective temperature is  independent 
and unaffected by the volume o r  geometry of t he  system. There is an 
exception t o  t h i s  when the composition is sh i f t ed  of f  the  plateau by 
having a small specimen and a large system. 
The partial-pressure plateau i n  the two-phase region is extensive, and 




Figure 4. Plot of Equilibrium Dissociation Pressure 
Relationship f o r  the Zr-N System 
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6. Contamination from outgassing o r  inleakage does not  ser iously a f f e c t  the  
equ i l ib r i a  es tabl ished according t o  the dissociat ion equation. 
A metal-gas system w i l l  e s tab l i sh  accurate reduced pressures which bracket 
the manometer, the McLeod gauge, and the ionizat ion gauge i n  a continuous 
manner. 
7. 
8.  There is no reason t o  believe t h a t  a standardized dissociat ion equation 
fo r  such a system prepared i n  the  higher pressure range where good primary 
standards exis t  could not be extrapolated t o  lower pressures with a high 
degree of confidence i n  accuracy. 
of the thermodynamic properties.  
regions, where the lower equilibrium pressures obtain,  no phase changes 
occur i n  either the  metal so l id  solut ion o r  the  n i t r ide .  
so lub i l i t y  boundaries change slowly with temperature. Therefore, the 
enthalpy and entropy values f o r  the react ion across the two-phase region 
are not expected to change over qui te  a range of temperature. 
the  dissociat ion equation can be confidently extrapolated.  This fea ture  
is  probably one of the most important advantages t o  be gained using t h i s  
This i s  so because of the immutability 
It is  known t h a t  i n  the lower temperature 
Furthermore, the 
This means 
type of sys tern. P 
9. One d i s t i n c t  advantage of t h i s  technique is t h a t  an i n  s i t u  ca l ibra t ion  
can eas i ly  be devised f o r  any ultrahigh vacuum apparatus, where an imme- 
d i a t e  ca l ibra t ion  of the  measuring apparatus can be available.  
10. The system is  inexpensive t o  bui ld  and r e l a t ive ly  simple i n  design and 
use. 
mercially avai lable  thermocouples. The components f o r  the apparatus t o  
contain the system are  commercially available.  There are  no electronics  
involved, which considerably lessens the chance f o r  e r ror .  The metal i s  
not  expensive f o r  the amount required. 
The temperature range can be eas i ly  a t ta ined  and measured with com- 
11. The specimen can be reacted t o  the appropriate composition, removed t o  
air, and transported t o  another system without a f fec t ing  i t s  dissociat ion 
relationships.  
12. Other metal-gas systems exis t  which give somewhat d i f f e ren t  equ i l ib r i a .  
This would give f l e x i b i l i t y  i n  se lec t ing  the appropriate temperature and 
p a r t i a l  pressures f o r  the spec i f i c  application. 
13. "he range of terriperatures over which the wide sprea4 of pressures e x i s t s  
are eas i ly  measured. A chromel-alumel thermocouple can be employed which 
has a high EMF per  u n i t  temperature increase. Also, standard mater ia ls  of 
construction f o r  the  furnace chamber can be employed b e c a s e  the  highest  
temperatures required a re  not a t  a l l  severe. 
The simulation of a reduced pressure atmosphere i s  feas ib le  i n  any type of 
chamber o r  system by simply placing a s m a l l  heating source and a prereacted 
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